We report the magnetic properties of mechanically milled Co 0.2 Zn 0.8 Fe 2 O 4 spinel oxide. After 24 hours milling of the bulk sample, the XRD spectra show nanostructure with average particle size ≈ 20 nm. The as milled sample shows an enhancement in magnetization and ordering temperature compared to the bulk sample. If the as milled sample is annealed at different temperatures for the same duration, recrystallization process occurs and approaches to the bulk structure on increasing the annealing temperatures. The magnetization of the annealed samples first increases and then decreases. At higher annealing temperature (∼ 1000 0 C) the system shows two coexisting magnetic phases * e-mail:rnb@cmp.saha.ernet.in † e-mail:ranga@cmp.saha.ernet.in 1 i.e., spin glass state and ferrimagnetic state, similar to the as prepared bulk sample. The room temperature Mössbauer spectra of the as milled sample, annealed at 300 0 C for different durations (upto 575 hours), suggest that the observed change in magnetic behaviour is strongly related with cations redistribution between tetrahedral (A) and octahedral (O) sites in the spinel structure. Apart from the cation redistribution, we suggest that the enhancement of magnetization and ordering temperature is related with the reduction of B site spin canting and increase of strain induced anisotropic energy during mechanical milling.
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I. INTRODUCTION
In recent years, several research groups [1] [2] [3] [4] are involved in the investigations of nanoparticle spinel oxides because of their potential applications in magnetic devices, in micro wave technology [5] , in high density magnetic recording media [6] , in magnetic fluids as drug carrier etc. [4, 7] . Various types of nanoparticle materials such as, metal: Fe, Co, Ni [8] , metallic alloys: Fe-Cu [9] , and metallic oxides: MnFe 2 O 4 [2] and ZnFe 2 O 4 [10] , are under current research activity. While metal and inter metallic nanoparticles suffer from stability problems in atmospheric condition, metallic oxides are highly stable under ambient conditions [11] .
Various factors such as, particle size distribution [4] , inter-particle interactions [12] , grain (core) and grain boundary (shell) structure [13, 14] and metastable structure of the system [15] control the properties of nanoparticles. Some of the specific properties of the nanoparticles which are of interest are Quantum magnetic tunneling [4] , various magnetic order like ferrimagnet/ferromagnet, spin glass/superparamagnet and spin canting effects [14, 16] .
The interesting aspect of magnetism in spinel oxides is that the magnetic order is strongly dependent on the competition between various superexchange type interactions i.e., J AB (A-O-B) and J BB (B-O-B), where A: tetrahedral (A) sites moments and B: octahedral (B) sites moments, O: is O 2− ions [5] . Certain amount of site disorder i.e., the cations redistribution 2 between A and B sites is sufficient to change the super-exchange interactions in nanoparticles spinel [17, 18] . Hence, the magnetic properties of the nanoparticle spinels can be drastically 0 C/minute. The XRD spectra of the as prepared bulk sample (S 0 ) confirm formation of well crystalline cubic spinel phase. The as prepared sample was milled for 24 hours in a SPEX 8000 mixer/mill using a set of six balls, two of diameter 1/2 inch and four of diameter 1/4 inch with ball to powder weight ratio 5:1. The as milled sample (S 1 ) was heat treated in air at 300 0 C for various durations, ranging from 2 hours to 575 hours, to study the temporal phase evolution. The 6 hours heat treated as milled samples are denoted as S N 3 (for 300 0 C), S N 6 (for 600 0 C) and S N 10 (for 1000 0 C). The heating and cooling rates were maintained at 2-3 0 C/minute during the heat treatment process.
B. X-ray diffraction
The X ray diffraction (XRD) data (Fig. 1a) were taken using Philips PW1710 diffractometer with CuK α radiation in the 2θ range 10 0 -90 0 with a step size 0.02 0 . The XRD data of as prepared bulk sample show narrow crystalline lines with estimated particle size of a few micrometers. After 24 hours milling of the bulk sample, the XRD peak lines become significantly broad and no other phases are seen, except the cubic spinel structure. The broadening in XRD lines suggest nano structure or non-uniform micro strain introduced in the lattices during milling process [21] . The width of < 311 > XRD peak line gives average particle size ≈ 20 nm for the as milled sample (S 1 ). When the as milled sample is heat treated, the XRD lines (Fig.1b-c) become sharp, which indicates recrystallization process in the system. The average particle size increases with annealing temperature as 23 nm, 28 nm and 62 nm for the samples S N 3 , S N 6 and S N 10 , respectively. Eventhough the XRD spectrum of the S N 10 sample is very similar to that of S 0 sample, the average particle size ≈ 62 nm suggest that complete restoration of crystallinity close to S 0 sample is yet to be reached. 
D. Measurements
The low field dc magnetization (T = 20K to 320K, H= 10 Oe to 100 Oe) and ac susceptibility (T= 60K to 330K, h rms ≈ 1 Oe and frequency (f) = 337 Hz and 7 kHz) measurements have been performed using home made magnetometer [23] . In ZFC condition, the sample has been cooled from room temperature to 20K in the absence of dc magnetic field, then the field was applied at 20K and magnetization data were recorded while increasing the temperature. In FC condition, the sample was cooled from room temperature to 20K in presence of dc magnetic field (same magnitude which was applied during ZFC measurement) and the magnetization data were recorded with increasing temperature and keeping the field on.
High field magnetization, hysteresis experiments were performed using VSM magnetometer in the fields upto ±12 Tesla in the temperature range 10K to 300K.
Mössbauer spectra were recorded at 300K without applying external magnetic field, using a constant acceleration spectrometer in transmission geometry mode. The spectra were recorded using a 5 mCi 57 Co in Rh matrix source. The hyperfine magnetic field (HMF) 5 distribution at the 57 Fe nuclei was evaluated from the Mössbauer spectra using the method of Le Caër and Dubois [24] . In this model a linear relationship between HMF (H) and isomer shift (IS) is assumed in the form IS = aH + b, where a and b are the fitting parameters to get a minimum χ 2 . The isomer shift (IS) wes calculated with respect to 57 Fe metal.
III. RESULTS AND DISCUSSION
A. AC susceptibility shows maximum is defined as the average blocking temperature (T B ) of the clusters. From the frequency dependence of ac susceptibility measurements (Fig. 3a) , a positive frequency shift of T B is observed in the χ ′ as well as in the χ ′′ maximum in the measurement frequency range. This is a characteristic of superparamagnetic blocking of the ferromagnetic clusters in different metastable states [10] . In the low temperature region, the χ ′ data show a small shoulder at ∼ 100K (designated as T K ) and χ ′′ data show (Fig. 3b ) increasing tendency below T K . This type of behaviour of T K can be attributed due to the disordered surface or grain boundary spins in a nanoparticle system [14] .
In order to check the effect of heat treatment on magnetic properties, we have carried out the ac susceptibility measurements for the S N 10 sample. This heat treated sample shows mixed magnetic phases. The χ ′ and χ ′′ data of S N 10 sample (Fig. 4) show two magnetic ordering at T m1 ≈ 70K and T m2 ≈ 280K respectively. The frequency shift of T f follows Vogel-Fulcher law
6 with characteristic frequency f 0 ≈ 10 10 Hz, activation energy E a ≈ 379 eV and constant
which characterizes spin glass like ordering at T m1 [25] . The ordering temperature at T m2
does not show significant frequency shift (not shown in Fig. 4) , suggest ferrimagnetic ordering temperature at T m2 ≈ 280K. The spin glass transition temperature T m1 ≈ 70K and ferrimagnetic ordering temperature at T m2 ≈ 280K of S N 10 sample are slightly different with respect to the cluster spin glass freezing temperature T m1 ≈ 110K and short range ferrimagnetic ordering temperature T m ≈ 260K for bulk sample [20] . But it is clear that the mixture of two magnetic phases (spin glass/cluster spin glass plus ferrimagnetic phase) of S N 10 sample is very similar to the bulk sample S 0 .
B. DC magnetization
The ZFC magnetization of S 1 sample (Fig. 5) shows a broad maximum at the cluster blocking temperature T B ≈ 320K (H ∼ 30 Oe) with a thermomagnetic irreversibility between ZFC and FC magnetization below T B . The decrease of ZFC magnetization below T B is due to the blocking of ferromagnetic clusters in different metastable states, whereas the FC magnetization increases below T B due to the orientation of these ferromagnetic clusters in metastable states which give rise to more magnetic contribution [11] . It is observed (Fig.5a and Fig. 5b ) that the T B is highly applied field dependent (i.e., T B ≈ 320K, 280K and 50K
for applied field 30 Oe, 100 Oe and 1 Tesla, respectively) as expected for superparamagnetic blocking of the clusters [11] . The superparamagnetic behaviour of the as milled sample (S 1 )
can be further identified from the temperature dependence of field cooled thermoremanent magnetization (TRM) data (Fig. 5b inset) that the TRM value reduces to zero at T≈ T B .
The zero TRM value indicate that the effective inter-cluster interactions are also negligible and the clusters behave as a non-interacting small particle above T B ≈ 320K.
An interesting feature is observed when we compare the magnetization data at 100 Oe of as prepared bulk sample, as milled sample and heat treated samples (Fig. 6) . The mag-7 netization is enhanced when the bulk sample is milled for 24 hours. On heat treating the as milled sample, it is observed that magnetization further increases for S N 3 sample. Then magnetization decreases for the S N 6 sample. If the as milled sample is heat treated at higher temperature (S N 10 ), the magnetization increases. But compared to the bulk sample S 0 , S N 10 sample has a higher magnetization value at low temperature and lower value at temperatures > 200K. Similar non-equilibrium magnetic behaviour as a function of annealing temperature has been observed for NiFe 2 O 4 [27] . The superparamagnetic blocking temperature T B
(indicated in Fig. 6 ) decreases to 270K and 120K for S N 3 and S N 6 , respectively, in comparison with T B ≈ 280K for S 1 sample at H= 100 Oe. The 100 Oe magnetization data of the S N 10 sample indicate a mixture of two magnetic ordering at T m1 ≈ 70K and T m2 ≈ 225K, respectively, very similar to the cluster spin freezing temperature at T m1 ≈ 100K and short range ferrimagnetic ordering temperature at T m2 ≈ 230K, respectively, for bulk sample [20] .
C. Hysteresis
The field dependence of magnetization data (Fig. 7) under ZFC condition is similar to that of ferromagnetic isotherms but the magnetization lacks saturation even upto 12 Tesla at any temperature. This, we attribute to the spin canting effects at grain boundary [14] or superparamagnetic contribution of nanoparticles [15] . We note from Fig. 7a (inset) that the S 1 sample has a better ferromagnetic behaviour in terms of saturation with respect to magnetic field which indicates that the strong spin canting behaviour of S 0 sample [19, 20] has decreased for the nanoparticle S 1 sample. Importantly, we also note (Fig.7a, inset ) that the saturation magnetization of nanoparticle sample S 1 is significantly increased at room temperature with respect to the bulk sample S 0 . However, the higher value of M for S 0 at 10K for H > 4T compared to S 1 can be understood by assuming two types of magnetic interactions in the system. One is ferromagnetic and second one is antiferromagnetic. In S 0 sample the B site antiferromagnetic interactions are dominant which causes spin canting in B site and shows non-saturation in magnetization [20] . from that of the as prepared bulk sample which suggests that duration of heat treatment (∼ 6 hours) is not enough to achieve 100% equilibrium state of the bulk samples. These results confirm that the enhancement of magnetic ordering and magnetization observed in S 1 sample is intrinsic property of the material. These also further indirectly confirm the hypothesis of the presence of non-equilibrium cation distribution in the as milled sample.
To check the recovery of cation distribution from non-equilibrium state to equilibrium state, we recorded the Mössbauer spectrum of S 1 sample as function of duration of heat treatment at 300 0 C. Fig. 9 shows the Mössbauer spectra and corresponding hyperfine magnetic field [19] . It is clear from the p(H) distribution that the changes brought about by 2 hours heat treatment is not very significant but the peak intensities of hyperfine field components are decreasing and intensities of paramagnetic components are increasing for annealing time ≥ 16 hours. Indirectly, it gives the information that more and more number of Zn 2+ ions stabilizing in A site with the compromise of more Fe 3+ ions in B site. This reduces the reduction of super transferred hyperfine magnetic field via inter-sublattice superexchange interactions [19] . Fig. 10 shows the temporal evolution of the average HMF for 300 0 C heat treated sample. The solid line represent the fit data using a function of time (t) as F(t) = a + b(1-exp(t/t 0 )) where a, b and t 0 are constants. F(t) represents average HMF as a function of time. The fit gives a measure of the reaction kinetics through atomic diffusion as the sample gets annealed.
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IV. SUMMARY AND CONCLUSIONS
Usually nano materials lead to the decrease in magnetization and ordering temperature as the particle size decreases [11, 2] . This is already observed in Co 0.2 Zn 0.8 Fe 2 O 4 with particle size ∼ 6nm to 70 nm, prepared by coprecipitation method [29] . However, the bulk 
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